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1. Introduction {#open201900339-sec-0001}
===============

Multiredox systems have major importance in wide ranging areas such as high energy density batteries, solar fuel production, catalysis, sensors, photosynthesis, and cellular respiration. Research progress in synthetic and supramolecular chemistry has led to complex artificial systems that can attempt to mimic intricate biological processes.[1](#open201900339-bib-0001){ref-type="ref"} Countless biological processes require multielectron transfer reactions for conversion of energy that can be utilized for chemical transformations.[2](#open201900339-bib-0002){ref-type="ref"} These processes involve proton and electron tunneling, light absorption, excited electronic state formation and excited state energy transfer. These processes occur in cellular respiration, photosynthesis, DNA UV‐damage repairs, neurotransmitters and many other complex biological reactions.[3](#open201900339-bib-0003){ref-type="ref"} Multiple electron transfer reactions can also have great importance in those biological processes which require stable reduced and oxidized intermediate states of organic molecules.[4](#open201900339-bib-0004){ref-type="ref"}

Most of the practically important electrochemical reactions such as photosynthesis, proton reduction, CO~2~ splitting and water oxidation are multi‐electronic in nature and have substantial kinetic barriers for electron transfer.[5](#open201900339-bib-0005){ref-type="ref"}, [6](#open201900339-bib-0006){ref-type="ref"} Therefore, for the practical sense of required energy input, we need to design the electrode surface in such a way that can increase the electron transfer rate. Thermodynamically simple processes like, hydrogen oxidation and dioxygen reduction also have multi‐electronic nature and requires multiredox active electrocatalysts to accelerate the reaction rate. Nature gives us valuable lessons about how to assemble such complex self‐assemblies with precisely defined functional components.[7](#open201900339-bib-0007){ref-type="ref"}

There is a significant challenge for material and biological scientists to design and synthesize such complex molecular materials which can store and transfer multiple electrons at low operational potentials to the substrate and are stable under ambient condition.[7c](#open201900339-bib-0007c){ref-type="ref"} In this review article, we make an effort to provide a concise overview of the recent multiredox systems.

2. Classification of Multiredox Systems {#open201900339-sec-0002}
=======================================

A large class of molecular and supramolecular redox systems have been synthesized having attractive optical and electronic properties. The multiredox systems of interest, in this review, are that can perform at least four‐electron transfer processes. We have classified multiredox systems in three broad categories:

Organic multiredox moleculesOrganic‐Inorganic Hybrid multiredox moleculesSupramolecular multiredox systems

2.1. Organic Multiredox Molecules {#open201900339-sec-0003}
---------------------------------

Construction of multiredox active organic molecules are of particular interest owing to their importance in advanced functional materials and also as molecular catalysts for multi‐electron transformation processes.[8](#open201900339-bib-0008){ref-type="ref"} These multiredox active organic scaffolds can vary from small molecules, dendrimers to oligomers and polymers.[9](#open201900339-bib-0009){ref-type="ref"} Depending on their electronic properties, these multiredox active molecues can be further categorized into three classes: I. Multielectron acceptors, II. Multielectron donors, and III. Multielectron ambipolar systems, which can donate and accept the multiple electrons simultaneously.

2.2. 1. Organic Multi‐electron Acceptors {#open201900339-sec-0004}
----------------------------------------

For the past three decades, synthesis of organic molecules with strong electron accepting and n‐type semiconducting properties have been stimulated by the global need for efficient and cheap electronic devices to access renewable energy sources.[10](#open201900339-bib-0010){ref-type="ref"} Towards this endeavour, an understanding of the elementary relationship between the molecular and supramolecular structures and their opto‐electronic properties are needed. In general, the multielectron acceptors are constructed by conjugating electron deficient functional groups or electronegative atoms with a π‐scaffold.[11](#open201900339-bib-0011){ref-type="ref"} The electronic coupling between the functional groups enhance the overall electron deficiency of the molecular system.

Fullerene (C~60~) **OA1** was demonstrated as one of the first multistate redox active molecule, which could act as a multielectron acceptor. Cyclic voltammetry (CV) and Differential Pulse Voltammetry (DPV) studies at −10 °C displayed six well‐separated reduction waves (five reversible and one pseudo‐reversible).[12](#open201900339-bib-0012){ref-type="ref"} Excellent electron accepting ability, favorable LUMO energy level and facile reversible reduction of fullerene and its derivatives has facilitated its application in bulk heterojunction organic photovoltaics, ferromagnetic charge‐transfer salts, and alkali metal intercalated superconducting complexes.[13](#open201900339-bib-0013){ref-type="ref"}

Recently, Benniston and co‐workers have reported a disulfide‐strapped viologen derivative **OA2** (Scheme [1](#open201900339-fig-5001){ref-type="fig"}).[14](#open201900339-bib-0014){ref-type="ref"} The CV studies of **OA2** shows reduction waves with E~1/2~ at −0.03 V, −0.16 V, −1.26 V and −1.54 V versus Ag/AgCl. Lichtenberger and co‐workers studied the reduction of a similar molecule having methyl viologen groups (**OA3**) and its theoretical simulation studies.[15](#open201900339-bib-0015){ref-type="ref"} It was found that the first electron reduces the bipyridinium moiety while the second reduction of the one‐electron reduced bipyridinium moiety results in the fast intramolecular two‐electron transfer towards the reductive cleavage of the disulfide moiety to form dithiolate. After the intramolecular electron transfer and S−S bond cleavage the bipyridinium molecule undergoes two single electron reductions at more negative potentials. Hence, this multiredox active bipyridinium molecule provides a low energy pathway for the reductive cleavage of the disulfide bond, as cleavage of S−S bond is an important reaction for many biological and chemical processes.

![Molecular structures of various organic multielectron acceptor molecules.](OPEN-9-304-g013){#open201900339-fig-5001}

Conjugated viologen scaffolds can be intelligently applied to design novel eight‐electron acceptors. Along this line, the Stoddart group reported the synthesis of an octa‐cationic tetraviologen‐based rigid cyclophane **OA4** (Scheme [1](#open201900339-fig-5001){ref-type="fig"}).[16](#open201900339-bib-0016){ref-type="ref"} This molecule possesses a highly electron deficient rectangular cage, which can accept up to eight electrons and encapsulates two small‐sized aromatic guests simultaneously or one large‐sized guest molecule. The CV analysis of **OA4** shows the first reduction peak with E~1/2~ at −0.17 V vs Ag/AgCl for the four‐electron transfer process, which reduces all the four bipyridinium moieties to yield tetraradical tetra‐cationic system. Simultaneous four‐electron reduction indicates that there is no electronic communication between the four bipyridinium moieties in spite of the *p*‐phenylene bridge. The next two reduction waves at −0.48 V and −0.62 V vs Ag/AgCl, each for the two‐electron transfer process indicates the presence of electronic communication between the two comparably planar bipyridinium radical cation through the *p*‐phenylene bridge.

The Stoddart group has further reported the synthesis and electrochemical studies of macrobicyclic cyclophane consisting of two electron‐poor triazines scaffolds conjugated with six pyridinium rings and *p*‐xylyl units as the bridging units (**OA5**, Scheme [1](#open201900339-fig-5001){ref-type="fig"}).[17](#open201900339-bib-0017){ref-type="ref"} These positively charged moieties endow the cyclophane with outstanding electron deficiency, which turns the cage into a strong receptor for electron‐rich aromatic hydrocarbons. The CV of this molecule shows the eight‐electron accepting the property with six electrochemically accessible redox states. The first three reductions at −0.29 V, −0.65 V and −1.07 V for the six pyridinium moieties are related to two‐electron transfer processes indicating the absence of electronic communication between the two triazine platforms. The last two separate reduction waves at −1.44 V and −1.66 V for triazine moieties indicate the restoration of electronic communication between the two triazine platforms after six‐electron reduction.

In a pioneering development, Diederich and co‐workers prepared multielectron acceptor **OA6** by the regioselective \[2+2\] cycloaddition reaction between N,N‐dialkylanilino‐substituted alkynes and 7,7,8,8‐tetracyanoquinodimethane, followed by ring opening of the primarily formed cyclobutenes (Scheme [1](#open201900339-fig-5001){ref-type="fig"}).[18](#open201900339-bib-0018){ref-type="ref"} The electrochemical analysis of **OA6** revealed six reversible reduction waves at −0.50 V, −0.64 V, −0.76 V, −0.84 V, −0.98 V, −1.14 V vs Fc^+^/Fc, which confirms the strong electronic communication between all the moieties. This group also reported multivalent dendrimer‐type charge transfer chromophore **OA7** by the thermal \[2+2\] cycloaddition reaction between tetracyanoethylene and corresponding electron rich alkyne.[19](#open201900339-bib-0019){ref-type="ref"} **OA7** is capable of taking up electrons at +0.89, −0.46, −0.60, −0.70, −0.76, −0.95, −1.07 and −1.57 V vs Fc+/Fc, therefore representing its molecular battery like property.

The synthesis and biological activities of multiredox active nor‐*β*‐lapachone derivatives **OA8** (Scheme [1](#open201900339-fig-5001){ref-type="fig"}) having quinone and the nitroaromatic groups have been reported. These compounds show the cytotoxic activity against tumor cell lines and also work as trypanocidal agents.[20](#open201900339-bib-0020){ref-type="ref"} For explaining the biological activities of nor‐*β*‐lapachone derivatives, Frontana and co‐workers have studied the various redox states of this molecule by experimental and theoretical studies.[21](#open201900339-bib-0021){ref-type="ref"} The CV of this compound shows the four single electron reduction waves with the E~1/2~ value of −1.20 V, −1.61 V, −1.73 V and −2.45 V vs Fc/Fc^+^ with first three being reversible and the last cathodic wave being irreversible. The first electron reduces the quinone moiety to form the quinone radical anion, while the second electron reduction involves the formation of biradical dianion state, in which both unpaired electrons are located on the quinone and the nitro group. The third electron is accumulated by the electrogenerated radical anion of the quinone scaffold to form the corresponding dianion. On the basis of the potential relationship with experimental selectivity, they suggested that the anticancer activities of these compounds are related to the formation of stable dianion biradical species while the trypanocidal activity depends on the formation of stable semiquinone intermediate.

Kanbara\'s group synthesized donor‐acceptor conjugated dioxopyrrolopyrrole (DPP) derivative with electron‐withdrawing 1,1,4,4‐tetracynobutadiene (TCBD) groups and electron‐donating NMe~2~ phenyl groups **OA9** (Scheme [1](#open201900339-fig-5001){ref-type="fig"}).[22](#open201900339-bib-0022){ref-type="ref"} This molecule can accept up to five electrons. The CV results show three reversible reduction waves at −0.88 V, −1.20 V and −1.98 V with the first two waves being for the two‐electron transfer, while the last one is for one‐electron process. The first and second peak are assigned to the reduction of two TCBD groups. The presence of two two‐electron reduction waves indicates that there is no electrochemical interaction between the two TCBD moieties through the DPP core. The last cathodically shifted wave is assigned to the reduction of DPP moiety and the relatively large negative potential for the DPP reduction is explained by the electron donating effect of the dianionic TCBD groups.

In another effort to design new multielectron acceptors, Park and co‐workers reported a compact tripodal triptycene‐ based molecule bearing three quinone units **OA10** (Scheme [1](#open201900339-fig-5001){ref-type="fig"}).[23](#open201900339-bib-0023){ref-type="ref"} The electrochemical analysis of **OA10** revealed distinct five one‐electron reduction peaks in DPV. The first three reduction happens at −0.58 V, −0.77 V and −0.94 V vs Ag/AgCl due to the formation of benzoquinone radical anions, while the other two peaks at −1.44 V and −1.59 V vs Ag/AgCl are related to the second reduction of the benzoquinone units. These excellent redox properties deliver Li‐ion coin cells with specific capacity of 387 mA h g^−1^. This triptycene based electrode provide a specific energy of up to 1032 W h kg^−1^ at the rate of 0.1 C.

In a recent report, we demonstrated bis‐substitution of 4,4′‐bipyridnium units at the naphthalenediimide‐core (cNDI), which provides a multi‐electron acceptor **OA11** with excellent yields of 85 %.[24](#open201900339-bib-0024){ref-type="ref"} CV results of **OA11** revealed four reversible reduction waves at 0.00 V, −0.40 V, −1.02 V and −1.15 V vs SCE with a low‐lying LUMO of −4.43 eV. Further reaction of **OA11** with the differently substituted benzyl bromides resulted in the formation of tetra‐cationic six‐electron acceptors and also exhibited multiple anion‐π interactions. For example, **OA12** shows the six reduction waves at +0.05 V, −0.18 V, −0.27 V, −0.58 V, −0.75 V and −1.00 V vs SCE with excellent reversibility. These new class of electron acceptors were termed as 'Electron‐sponge' due to its ability to accumulate six‐electrons at low potentials and within a remarkably narrow potential range.

Stoddart and co‐workers synthesized a rigid redox‐active NDI‐based molecular prism (**OA13**, Scheme [1](#open201900339-fig-5001){ref-type="fig"}) in 25 % yield.[25](#open201900339-bib-0025){ref-type="ref"} The through‐space orbital interaction and additional electron sharing phenomena was proved by experimental and theoretical calculations. The CV analysis revealed presence of six well‐separated reduction waves from −0.56 V to −1.51 V vs Ag/AgCl. The molecular triangle has been applied in rechargeable lithium‐ion batteries with capacity of 146.4 mA h g^−1^ at low current rates.[26](#open201900339-bib-0026){ref-type="ref"}

In another effort to have novel one‐dimensionally long multi‐electron acceptors, Bunz et al. reported the synthesis of large coronene‐containing N‐heteroarenes containing thirteen rings integrated in a row **OA14** (Scheme [1](#open201900339-fig-5001){ref-type="fig"}).[27](#open201900339-bib-0027){ref-type="ref"} This coronene‐azaacene based compound shows multielectron accepting properties as observed by the CV analysis, which revealed four reversible reductions waves at −0.35 V, −0.53 V, −0.86 V and −1.07 V vs Fc/Fc^+^, with low‐lying LUMO of −4.45 eV. Interestingly, highly red‐shifted absorption in the Near Infrared (NIR) region was observed with λ~onset~ values reaching 1300 nm.

### 2.2.1. Organic Multi‐electron Donor Molecules {#open201900339-sec-0005}

Organic multielectron donors based on arylamines, aryloxy, tetrathiafulvalene (TTF), di‐reduced NDI scaffolds have found applications in the field of multistate systems, polymer batteries, light‐emitting devices, electrical conductivity, electroluminescence, electromagnetic and photorefractive materials. These molecules can be easily oxidized to its stable radical cationic states because of their low oxidation potential.[28](#open201900339-bib-0028){ref-type="ref"}

\[n\]Radialenes (n=4--6) having multiple 1,3‐dithiole rings are known for their unique redox behaviour. Out of them \[5\]radialene with five 1,3‐dithiol‐2‐ylidene units shows unique multiredox property as it can transfer four electrons simultaneously. Misaki and co‐workers synthesized a TTF analog possessing two \[5\]radialene moieties **OD1** (Scheme [2](#open201900339-fig-5002){ref-type="fig"}).[29](#open201900339-bib-0029){ref-type="ref"} DPV of molecule **OD1** shows a redox peak at −0.05 V vs Fc/Fc^+^ in benzonitrile at room temperature for the simultaneous eight‐electron transfer process. The single peak for eight‐electron transfer process indicates the lack of electronic communication between the two \[5\]radialene moieties

![Molecular structures of the multielectron donors.](OPEN-9-304-g014){#open201900339-fig-5002}

Tanaka and his co‐workers have synthesized pseudo‐beltane‐like cylindrical polymacrocyclic oligoarylamine (**OD2**, Scheme [2](#open201900339-fig-5002){ref-type="fig"}).[30](#open201900339-bib-0030){ref-type="ref"} This molecule can donate up to 12 electrons due to the presence of six *p*‐phenylenediamine units. Six oxidation waves could be confirmed from CV/DPV studies: at −0.138 V (vs Fc/Fc+) for two‐electron transfers, at +0.046 V and +0.137 V each for one‐electron transfer, at +0.292 V for four‐electron transfers, at +0.511 V for two‐electron transfers and at +0.560 V, +0.598 V for each one‐electron transfer processes. Therefore, **OD2** can be oxidized up to a dodeca‐cationic state on the electrochemical time scale. The diradical di‐cationic and tetraradical tetra‐cationic species generated by chemical oxidation of compound **OD2** exhibits the high spin states at low temperature.

Ito and co‐workers have reported the synthesis and analysis of double‐ and triple‐decker 1,3,5‐benzenetriamine‐based compounds.[31](#open201900339-bib-0031){ref-type="ref"} The N‐dianisylaminophenyl group substituted double‐decker **OD3** molecule shows unique multiredox activity (Scheme [2](#open201900339-fig-5002){ref-type="fig"}). This molecule can be oxidized up to dodeca‐cationic state at the electrochemical timescale. The DPV of **OD3** shows two broad peaks with a shoulder at the first peak. The simulation of DPV results of first peak suggests that the oxidation waves at −0.12 V (1e^−^) vs Fc/Fc^+^ and −0.06 V (1e^−^) corresponds to the generation of dicationic state and at +0.03 V (4e^−^) corresponds to the hexacationic state, while the simulation of the second peak suggests the dodeca‐cationic state, which is formed by six‐electron transfers at +0.44 V (1 e^−^), +0.49 V (1 e^−^), +0.51 V (1 e^−^), +0.56 V (1 e^−^), +0.60 V (1 e^−^) and +0.61 V (1 e^−^). Additionally, the polycationic species of **OD3** generated by the chemical oxidation with two and six equivalents of the oxidizing agent (tris(4‐bromophenyl)aminium hexachloroantimonate) were found to be in the high spin state.

Along with the TTF and arylamines, arylmethoxy groups have also been applied to realize multielectron donors. Along this line, Rathore and co‐workers synthesized multielectron donor **OD4** (Scheme [2](#open201900339-fig-5002){ref-type="fig"}) utilizing hexaphenylbenzene as a platform with six redox active 2,5‐dimethoxytolyl groups.[32](#open201900339-bib-0032){ref-type="ref"} In the CV analysis, this electron donor compound shows single oxidation wave at +1.15 V vs SCE for a simultaneous six‐electron transfer process. Additionally, the chemical oxidation of **OD4** with SbCl~5~ as the oxidizing agent generates the hexacationic‐hexaradical species and can be isolated in the pure form. The generated multiply charged cationic‐radical salt proved its application as an "*electron‐sponge*" towards variety of electron donor molecules.

In 1998, Shirota and co‐workers synthesized and analyzed an organic hyperbranched π‐donor dendritic molecule of G1 generation consisting of tertiary aromatic amines (**OD5**, Scheme [2](#open201900339-fig-5002){ref-type="fig"}).[33](#open201900339-bib-0033){ref-type="ref"} This dendritic molecule shows unique multiredox properties involving as many as nine‐electron reversible oxidations. The CV of **OD5** exhibit six redox waves at 0.13 V, 0.30 V, 0.38 V, 0.56 V, 1.05 V and 1.22 V vs Ag/Ag^+^. By coulometry analysis, they confirmed that the starting three waves are for one‐electron transfer process and the fourth wave is for three‐electron transfer process, while the last two waves are for one‐ and two‐electron transfer processes, respectively.

Iyoda and co‐workers reported TTF‐hexamers with a flexible disk‐like **OD6** and star‐shaped **OD7**, which integrates the TTF groups with the benzene scaffold via alkyne linkers (Scheme [2](#open201900339-fig-5002){ref-type="fig"}).[34](#open201900339-bib-0034){ref-type="ref"}, [35](#open201900339-bib-0035){ref-type="ref"} These compounds displayed two six‐electron oxidation waves with E~1/2~ values of −0.13 V (**OD6** ^6+^), +0.05 V (**OD6** ^12+^) and 0.097 V (**OD7** ^6+^),0.37 V (**OD7** ^12+^) for **OD6** and **OD7** respectively. They also perfomed chemical oxidation of **OD6** and **OD7** using Fe(ClO~4~)~3~ as the oxidising agent. Furthermore, **OD6** ^1+^ radical cation self‐assembled into hexagonal columnar fibrous material. The small tapes prepared from this self‐assembled wire displayed conductivity of 1.1×10^−3^ S cm^−1^.

### 2.2.2. Ambipolar Molecules {#open201900339-sec-0006}

Multiredox active electrochemically ambipolar molecules, which can be accessed in both the oxidized and reduced states within an easily accessible potential window are important in both experimental and theoretical research.[36](#open201900339-bib-0036){ref-type="ref"} The most common strategy to endow ambipolarity is to link multiredox active donor and acceptor (D−A) groups. This strategy needs the systematic choice of donor and acceptor units and introduction of particular electron donating and withdrawing substituents at the specific site to tune the HOMO and LUMO level to achieve the E~ox~ and E~red~ within a narrow electrochemical window.[37](#open201900339-bib-0037){ref-type="ref"}

Recently, Mishra and his co‐workers have reported the synthesis and photovoltaic application of D−A−A based multiredox active **OAm1** (Scheme [3](#open201900339-fig-5003){ref-type="fig"}).[38](#open201900339-bib-0038){ref-type="ref"} In this molecule, the 1,8‐naphthalimide as acceptor unit is conjugated with triphenylamine as the donor unit through dicyanoquino‐dimethane as another acceptor unit. The CV results show the three multi‐step reduction waves at −0.10 V, −0.29 V and −1.10 V vs SCE with an oxidation wave at +1.30 V corresponding to the oxidation of arylamine moiety. The organic photovoltaic cell based on compound **OAm1** showed excellent photon to current efficiency value of 6.11 %.

![Molecular structures of ambipolar compounds, showing multielectron donor and acceptor behaviour simultaneously.](OPEN-9-304-g015){#open201900339-fig-5003}

Radiaannulenes are cyclic molecules, which have endo and exocyclic double bonds and consequently lie between radialenes and annulenes. Nielsen and co‐workers synthesized TTF coupled radiaannulene derivative (**OAm2**, Scheme [3](#open201900339-fig-5003){ref-type="fig"}).[39](#open201900339-bib-0039){ref-type="ref"} This molecule shows the electrochemically accessible six‐redox states with two reduced states, one neutral state and three oxidized states (−2/−1/0/+1/+2/+4). The CV results demonstrated three oxidation waves and two reduction waves. The first oxidation wave has small splitting with E~1/2~ values of +0.20 V and +0.29 V vs Fc/Fc^+^, which indicates oxidation of two TTF moieties to its radical cationic form. The third oxidation wave at +0.61 V is for the two‐electron transfer processes. Additionally, **OAm2** shows two reduction peaks at E~1/2~ value −1.16 V and −1.52 V corresponding to the formation of the radical anion and dianion species, respectively.

Bryce and co‐workers reported the synthesis of multiredox active ambipolar molecules with extremely low band gap. They covalently linked TTF units with electron accepting TCNQ[40](#open201900339-bib-0040){ref-type="ref"} **OAm3** or polynitrofluorene unit[41](#open201900339-bib-0041){ref-type="ref"} **OAm4** (Scheme [3](#open201900339-fig-5003){ref-type="fig"}). Due to the presence of isolated linker (sigma bond) between two redox moieties, there is the negligible electronic interaction between the electron donor and acceptor scaffolds. The TTF‐TCNQ diad **OAm3** revealed five electrochemical redox states with two oxidized and two reduced states, each having its distinct color. The oxidation occurs at −0.11 V and +0.43 V, while reduction at −0.24 V and −0.72 V (Fc/Fc^+^), which results in one of the lowest band gap of 0.17 eV. Compound **OAm4** shows five reversible redox waves in CV analysis, for the stepwise two‐electron oxidation at −0.10 V, −0.32 V and three‐electron stepwise reduction at −0.38 V, −0.90 V and −1.56 V vs (Fc/Fc^+^) with an extremely low band gap of 0.3 eV.

Fang et al. designed and synthesized a cruciform ladder‐type molecule **OAm5**, which integrated a B←N coordination unit in a compact structure.[42](#open201900339-bib-0042){ref-type="ref"} Molecule **OAm5** displayed well‐separated two one electron reduction waves at −0.83 V, −1.14 V and two one‐ electron oxidation waves at +0.79 V, +1.30 V vs Ag/AgCl. Therefore, five distinct redox states were observed including the boron‐containing radical ion. They also characterized each redox state by spectrochemical measurements and demonstrated the multicolour electrochromism with outstanding recyclability. Single crystal analysis of **OAm5** neutral state, reduced dinion and oxidized radical cation revealed structural transformations into two different quinonoid structures during redox processes. They concluded that the B←N coordination play an important role in the robust multi‐redox properties by modifying the π‐electron density and extending the spin and charge delocalization.

Torres and co‐workers have reported the peripherally hexa‐arylated subporphyrazine molecules and demonstrated its ambipolar multiredox activity. Subporphyrazines are the aromatic compounds constructed by three pyrrole subunits linked through their 2,5‐positions by aza‐bridge.[43](#open201900339-bib-0043){ref-type="ref"} The NMe~2~ derivative of arylated subporphyrazines (**OAm6**, Scheme [3](#open201900339-fig-5003){ref-type="fig"}) shows ambipolar multiredox activity as it accepts three‐electrons as well as donates up to six‐electrons due to the presence of six amine groups.[46](#open201900339-bib-0046){ref-type="ref"} The CV data of **OAm6** revealed three pseudo‐reversible reduction waves at −1.56 V, −1.99 V and −2.28 V vs Fc/Fc^+^, each for one‐electron reduction process, with additional two irreversible oxidation waves at +0.38 V and +0.90 V, each for the three‐electron transfer processes.

Our group reported a series of axially fused PMDA/NTCDA‐TTF (PMDA: Pyromellitic dianhydride NTCDA: Naphthalenetetracarboxylic dianhydride), electrochemically ambipolar molecules with multiredox properties.[44](#open201900339-bib-0044){ref-type="ref"} The CV/DPV analysis of PMDA based molecule, fused with the two TTF moieties, revealed three oxidation waves with E~1/2~ value of +0.83 V, +0.93 V, +1.48 V, and two reduction waves at −1.33 V, −1.66 V. Recently our group demonstrated the first Buchwald−Hartwig reaction at the naphthalenediimide‐core (c‐NDI), leading to the coupling of various secondary aromatic amines.[45](#open201900339-bib-0045){ref-type="ref"} Importantly, compound **OAm7** (Scheme [3](#open201900339-fig-5003){ref-type="fig"}) having diphenylamine donors and **OAm8** having Bindschedler\'s green leuco base showed blue to blackish‐green colour. Compound **OAm8** exhibited λ~max~ of 830 nm with λ~onset~ values up to 1070 nm. These compounds manifested multi‐electron reservoir properties, with **OAm8** exhibiting a total of eight‐redox states and a remarkably low band gap of 0.95 V.

Wu and co‐workers reported a novel \[6\]cyclo‐para‐phenylmethine macrocycle (**OAm9**, Scheme [3](#open201900339-fig-5003){ref-type="fig"}).[46](#open201900339-bib-0046){ref-type="ref"} The molecule was found to be globally aromatic due to conjugation of 30 π‐electrons. CV analysis revealed multi‐redox behaviour with two reductions at −1.918 V and −2.048 V, and six oxidations +0.116 V, +0.534 V, +0.783 V, +0.880 V, +0.919 V, and +1.042 V (vs Fc+/Fc). The chemical oxidation of **OAm9** with SbF~6~ provides radical cation, dication, and radical trication. The radical cation and the trication showed broad absorption in NIR region with λ~max~ at 1126 nm and 2021 nm, respectively. The dication showed antiaromatic, open shell di‐radical character, and displayed an intense absorption band with λ~max~ at 807 nm with a weak tail up to 1500 nm.

2.3. Hybrid Multiredox Molecules {#open201900339-sec-0007}
--------------------------------

Multicomponent based hybrid redox materials continue to be a research area of current interest due to their diverse application in the field of functional molecular materials.[47](#open201900339-bib-0047){ref-type="ref"} These systems are not only important for their molecular properties like magnetism and electrical conductivity, but they can also play an important role in the field of catalysis, host‐guest interactions, and in electron reservoirs, etc. For the synthesis of these materials, the most crucial point is the choice of appropriate redox component.[48](#open201900339-bib-0048){ref-type="ref"} For introducing the multiredox activity in the multicomponent system, the inclusion of transition metals can be a promising tool as they exhibit variable oxidation states. Besides their redox properties, these materials also provide the route for self‐assembled supramolecular arrays.[49](#open201900339-bib-0049){ref-type="ref"}

Lehn and co‐workers were the very early proponents of organic‐inorganic hybrid multiredox systems. In this pioneering work, they reported a series of \[M~4~ ^II^L~4~\]^8+^ \[2×2\] grid type complexes with variable ligands and metal ions. All the metal complexes showed multiredox properties, out of which one example is presented here (**H1**, Scheme [4](#open201900339-fig-5004){ref-type="fig"}) with maximum numbers of reduction steps. The complex **H1** comprises of Co(II) as the central metal atom and amine ligands having two ester groups.[50](#open201900339-bib-0050){ref-type="ref"} The CV analysis in DMF revealed twelve reversible, well‐resolved, one‐electron reduction waves at room temperature in DMF with redox potential ranging from −0.45 V to −2.20 V vs Fc/Fc^+^ (−0.45 V, −0.50 V, −0.63 V, −0.75 V, −1.03 V, −1.24 V, −1.45 V, −1.62 V, −1.89 V, 2.05 V, −2.12 V and −2.20 V).

![\[M~4~ ^II^L~4~\]^8+^ \[2 x 2\] metal complex with Co(II) as central metal atoms and bis‐tridentate ligands.](OPEN-9-304-g016){#open201900339-fig-5004}

Stępień and co‐workers synthesized zinc metallated π‐extended porphyrin molecule conjugated with four naphthalenemonoimide moieties (NMI) (**H2**, Scheme [5](#open201900339-fig-5005){ref-type="fig"}).[51](#open201900339-bib-0051){ref-type="ref"} This macrocyclic molecule can accumulate up to eight electrons by electrochemical and chemical methods. The electrochemical data of **H2** revealed eight reversible reduction waves from −0.97 V to −2.71 V vs Fc/Fc^+^, each corresponding to one‐electron reduction process. Chemical reduction of this macrocycle with sodium anthracenide under inert condition gives eight charged states showing red‐shifted absorptions, extending beyond 2200 nm range in the optical spectrum. Additionally, the reduced state can again be transformed to its initial state by chemical oxidation with an excess of I~2~ in approximately 90 % yield.

![Chemical structure of NMI conjugated Zn‐porphyrin molecule **H2**, dirhodium (II, II)‐porphyrin based square molecular box **H3,** Triphenylamine and bisruthenium‐based linear array **H4,** Fe(II) salt **H5**.](OPEN-9-304-g017){#open201900339-fig-5005}

Piraino and co‐workers developed a multiredox active, dirhodium (II, II)‐porphyrin‐based molecular box (**H3**, Scheme [5](#open201900339-fig-5005){ref-type="fig"}).[52](#open201900339-bib-0052){ref-type="ref"} This redox system was synthesized by combining \[Rh~2~(form)~2~(O2CCF~3~)~2~(H~2~O)~2~\] (form=N,N′‐di‐p‐tolylformamidinate) complex and meso‐substituted phenylporphyrins in equimolar ratio. The CV analysis of **H3** revealed three oxidation waves at +0.53 V, +1.24 V and +1.60 V vs SCE, each wave consisting of four‐electron oxidation process with one quasi‐reversible reduction wave at −1.10 V for simultaneous four‐electron reduction process. The first oxidation wave was assigned for four simultaneous Rh~2~ ^4+^/Rh~2~ ^5+^ one‐electron processes and the second wave were assigned for the oxidation of four porphyrin subunits, while the third oxidation wave for the four simultaneous Rh~2~ ^5+^/Rh~2~ ^6+^ processes. The reduction peak was assigned to the four porphyrin centres, one‐electron for each of the units.

Towards a hybrid multiredox system that utilizes Ru(II) ions, Zhong and co‐workers synthesized a linear N−Ru−Ru−N system (**H4**, Scheme [5](#open201900339-fig-5005){ref-type="fig"}) consisting of two triarylamine sites connected by cyclometallated bisruthenium segment with a distance of 19.16 Å.[53](#open201900339-bib-0053){ref-type="ref"} The CV and DPV results show four well‐separated one electron oxidation waves at +0.38 V, +0.48 V, +0.83 V and +0.91 V vs Ag/AgCl. The starting two waves assigned for the oxidation of two distinct arylamine units and separation of 100 mV between two waves indicate electronic coupling between two distal amine units through the cyclometallated segment. Additionally, two one‐electron reduction waves are also observed at −0.70 V and −1.14 V, associated with the reduction of central tetra‐(2‐pyridyl)pyrazine unit. Further, all the redox states were validated by spectroelectrochemical analysis.

Borovik et al., reported the synthesis of Fe(II) salt **H5** (Scheme [5](#open201900339-fig-5005){ref-type="fig"}), where the redox active ligand binds with the metal through the three anionic nitrogen, while the other coordination sites were occupied by 2,2′‐bipyridine.[54](#open201900339-bib-0054){ref-type="ref"} The complex **H5** exhibits attractive electronic properties with three oxidations at −0.94 V, −0.15 V, +0.60 V and one reduction at −2.09 V vs Fe/Fe^+^. In addition, they also explored the catalytic activity of X towards the C−H activation of aryl azides at aliphatic and benzylic carbon centres for intramolecular amination reaction, resulting in moderate to good yields of indoline products.

Würthner and co‐workers reported a metallo‐supramolecular self‐assembled square box (**H6** Scheme [6](#open201900339-fig-5006){ref-type="fig"}) applying four perylene bispyridyl imide (PDI) as bridging ligands (each ligand have four ferrocene group at its bay position) and \[Pt(dppp\]\[(OTf)~2~\] as the corner units with an angle of 90° (dppp=1,3‐bis(diphenylphosphano)propane, OTf=trifluoromethanesulfonate).[55](#open201900339-bib-0055){ref-type="ref"} This molecular box shows multiredox properties due to the presence of 16 ferrocene units and four PDI scaffolds. The CV of **H6** exhibits two reversible reduction waves with E~1/2~ at −1.01 V and −1.18 V vs Fc/Fc^+^, each for four electrons indicating the reduction of four PDI units. One broad oxidation wave in the anodic region for the oxidation of 16 ferrocene units appears at −0.13 V with a shoulder at −0.08 V. Furthermore, this square box can also be chemically oxidized by utilizing thianthrenium pentachloroantimonate as oxidizing agent. The redox titration confirmed that all the ferrocene moieties could be oxidized and a highly charged species can be generated.

![Metallo‐supramolecular square box **H6** containing 20 redox centres.](OPEN-9-304-g018){#open201900339-fig-5006}

Dendritic branches have been applied as a novel platform to design multiredox hybrid systems. Astruc and his group reported a range of dendrimer molecules utilizing various redox active subunits, such as ferrocene, fullerene, etc.[56](#open201900339-bib-0056){ref-type="ref"} In Scheme [7](#open201900339-fig-5007){ref-type="fig"}, we present a G1 generation dendrimer molecule having 27 termini ferrocenyl units **H7**.[57](#open201900339-bib-0057){ref-type="ref"} They also synthesized a giant redox dendrimer of the G7 generation with 14000 termini ferrocenyl units. The CV analysis of the G7 generation molecule shows a single reversible redox wave, confirming that a large number of defects in such a giant molecule does not disturb their redox reversibility. Additionally, they confirmed the redox reversibility of these molecules by electrochemical and chemical methods.

![Dendrimer molecule bearing 27 ferrocenyl redox units.](OPEN-9-304-g019){#open201900339-fig-5007}

Ishitani and his co‐workers developed multinuclear ring‐shaped metal complexes having six‐redox active Re(I) units, **H8** (Scheme [8](#open201900339-fig-5008){ref-type="fig"}).[58](#open201900339-bib-0058){ref-type="ref"} The electrochemical analysis shows a single peak at −1.68 V vs Ag/Ag+ for six‐electron reduction processes each for one electron reduction of Re (I) metal, indicating absence of any electronic interactions between the two metal atoms. The six‐electron reduced species is relatively stable in solution, although all the reduction steps need high potential (−1.68 V). Furthermore, this compound can also be reduced by the photochemical method in the presence of triethanolamine as donor compound and shows photochemical accumulation of 4.4 electrons in one molecule.

![Multinuclear ring‐shaped multiredox system of Re(I) **H8**.](OPEN-9-304-g020){#open201900339-fig-5008}

Sato and his co‐workers reported a nona‐nuclear copper grid metal complex (**H9**, Scheme [9](#open201900339-fig-5009){ref-type="fig"}), with the structural formula \[Cu~9~ ^II^ (L)~6~\](BF~4~)~6~, where L represents the 2,6‐bis \[5‐(2‐pyridinyl)‐1H‐pyrazol‐3‐yl\] pyridine) ligand.[59](#open201900339-bib-0059){ref-type="ref"} This metal complex shows multiredox property and CV analysis revealed four quasi‐reversible redox waves each for one‐electron transfer process at +0.44 V, +0.34 V, +0.09 V and −0.04 V vs SCE to form the \[Cu^I^ ~4~Cu^II^ ~5~\] complex. The observation of four stepwise one‐electron reductions indicates the existence of electronic coupling between neighboring metal ions.

![Crystal structure of **H9**, \[Cu^II^ ~9~(L)~6~\](BF~4~)~6~ based \[3 x 3\] metal grid and it\'s ligand structure.](OPEN-9-304-g021){#open201900339-fig-5009}

They were also able to isolate two electron reduced species \[Cu^I^ ~2~Cu^II^ ~7~(L)~6~\](PF~6~)~4~ and characterized it by single crystal X‐Ray diffraction analysis.

Delgado and his co‐workers reported vinylferrocenyl‐functionalized cyclic and linear polysiloxanes with the structural formula \[MeSi{C(Fc)=CH~2~}O\]~4~ (**H10**) and (Me~3~SiO)‐(MeSi{C(Fc)=CH~2~}O)~n~(SiMe~3~) (**H11**, Scheme [10](#open201900339-fig-5010){ref-type="fig"}), where n is for approximately 35 units and Fc represent the (η5‐C~5~H~4~)Fe(η5‐C~5~H~5~) unit.[60](#open201900339-bib-0060){ref-type="ref"} In the electrochemical analysis, one reversible oxidation wave at +0.54 V vs SCE has been observed for both the cyclic and linear vinylferrocenyl‐polysiloxanes associated with the Fe^II^/Fe^III^ oxidation of ferrocenyl units. The presence of same oxidation pattern at same potential for both cyclic and linear molecule indicates that there is no electronic interaction between the two‐neighboring pendant ferrocenyl groups along the polysiloxane backbones.

![. Molecular structure of vinylferrocenyl‐functionalized cyclic (**H10**) and linear (**H11**) polysiloxanes](OPEN-9-304-g022){#open201900339-fig-5010}

Cuadrado and co‐workers have synthesized a carbosilane dendritic molecular system (**H12**, Scheme [11](#open201900339-fig-5011){ref-type="fig"}) bearing eight ferrocenyl units and twelve (η^6^− aryl) tricarbonylchromium units.[61](#open201900339-bib-0061){ref-type="ref"} This heterometallic dendritic molecule shows unique multiredox properties due to the presence of twenty redox‐based metal centres. The DPV of compound **H12** shows two anodic peaks with E~1/2~ value at +0.51 V and +0.91 V vs SCE and the integration of peak area shows the current ratio of 2 : 3 for the first and second peaks. The first oxidation peak is assigned to the simultaneous eight‐electron oxidation process due to eight ferrocenyl subunits. The second broad peak for twelve‐electron oxidation process is attributed to the electron removal from the twelve chromium centres. Broadening of the second peak is explained by the presence of two type of chromium centres, one is isolated (η^6^‐C~6~H~5~)Cr(CO)~3~ unit linked to the Si‐allyl group, while the other is in proximity to the already oxidized ferrocenyl moieties.

![Molecular structure of carbosilane dendritic system (**H12**) with twenty redox‐based metal centres.](OPEN-9-304-g023){#open201900339-fig-5011}

2.4. Supramolecular Multiredox Molecules {#open201900339-sec-0008}
----------------------------------------

In a significant breakthrough in 1983, Hunig and co‐workers reported the synthesis of various 4,4′‐bipyridinium based‐pyridinophanes.[62a](#open201900339-bib-0062a){ref-type="ref"} Application of the viologen unit in synthesis of new multiredox‐active ionic boxes flourished with the isolation of the seminal '*blue‐box*' by Stoddart and co‐workers.[62b](#open201900339-bib-0062b){ref-type="ref"} Since then, a plethora of such highly electron‐deficient boxes have been reported, which have been applied as charge‐transfer materials, molecular switches and shuttles.[62c](#open201900339-bib-0062c){ref-type="ref"} In a leading‐edge research, Stoddart et al., reported a highly charged octa‐cationic homo\[2\]catenane **SM1** by using two cyclobis(paraquat‐p‐phenylene) rings (Scheme [12](#open201900339-fig-5012){ref-type="fig"}). They showed that this system is capable of taking eight‐electrons among which six‐redox states could be electrochemically accessed.[62d](#open201900339-bib-0062d){ref-type="ref"}

![Molecular structures of octa‐cationic homo\[2\]catenane **SM1** and extended cyclophane **SM2**.](OPEN-9-304-g024){#open201900339-fig-5012}

Stoddart et al., synthesized the viologen‐based extended cyclophane (**SM2**), which has been employed as a **C~60~** receptor.[63](#open201900339-bib-0063){ref-type="ref"} The 1 : 1 inclusion complex of **SM2** and **C~60~** displayed columnar self‐assembly (Figure [1](#open201900339-fig-0001){ref-type="fig"}). The electrochemical analysis showed multiredox behaviour with minor shifts in reduction potentials of each of the components in 1 : 1 complex as compared to unbound **SM2** and **C~60~**. The most observable change was found in the first reduction, where E^1^ ~red~ for the 1 : 1 complex was observed at −0.31 V compared to −0.34 V vs Ag/AgCl for free **C~60~**.

![Crystal structure of **SM2 : C~60~** complex; a fullerene‐to‐fullerene distance of 0.31 nm between the aligned C60 molecules (a), The side‐on view (b) and plan view (c) of the solid‐state superstructure illustrate the close packing arrangement. Reprinted with permission from 63. Copyright 2015 American Chemical Society.](OPEN-9-304-g004){#open201900339-fig-0001}

In another report, Stoddart and co‐workers synthesized thermal and photo‐responsive semi‐rigid multiredox rectangular cyclophane **SM3** (Scheme [13](#open201900339-fig-5013){ref-type="fig"}), consisting of biphenylene‐bridged 4,4‐bipyridinium and oligo(*p*‐phenylenevinylene) pyridinium extended viologens.[64](#open201900339-bib-0064){ref-type="ref"} The oligo(*p*‐phenylenevinylene) pyridinium unit were incorporated to alter the macrocycle configuration between (EE)‐ and (EZ)‐ isomers upon heating and blue‐light irradiation. When **SM3** is found in (EE)‐configuration, it has potential to bind various electron‐rich and electron‐deficient π‐guests through van der Waals and charge transfer interactions. Upon irradiation with blue light the (EE)‐ isomer of **SM3** converted to EZ isomers, which results in the switching off the binding affinity of the guest molecules. The process can be reversed upon heating.

![Photoswitchable molecular encapsulation of dynamic tetra‐cationic cyclophane.](OPEN-9-304-g025){#open201900339-fig-5013}

In another report, synthesis of '*blue‐box*' based daisy chain containing viologen and 1,5‐dioxynaphthalene units were reported by Stoddart and co‐workers. This daisy chain was converted to mechanically interlocked self‐complementary assemblies by stoppering process, out of which one representative example (**SM4**) is presented here (Figure [2](#open201900339-fig-0002){ref-type="fig"}).[65](#open201900339-bib-0065){ref-type="ref"} Interestingly, the position of '*blue‐box*' has been electrochemically switched between viologen and dioxynaphthalene units, by utilizing spin‐ pairing and donor‐acceptor interactions, respectively. The CV revealed the first six‐electron reduction peak at −0.32 V to generate two tris‐radical viologen (^.^+) -- '*blue‐box*' (^.^+) sub‐complexes. Other two reduction peaks were found at −0.74 V (2e^−^) and −1.03 V (1e^−^) vs Ag/AgCl for the formation of completely neutral complex.

![Structure of daisy chains **SM4** and representation of redox switchable rotaxene controlled by the radical‐radical interaction.](OPEN-9-304-g005){#open201900339-fig-0002}

In a recent report, Stoddart group demonstrated host‐guest interactions between an extended molecular‐box and NDI to construct mechanically interlocked \[2\]catenane (**SM5**), where the NDI unit can be encapsulated inside the molecular box (Scheme [14](#open201900339-fig-5014){ref-type="fig"}).[66a](#open201900339-bib-0066a){ref-type="ref"} It was found that redox properties of the NDI can be modified significantly, and its reduction was facilitated due to the coulombic attraction with tetracationic ring. Importantly, the viologen cyclophane stabilizes the NDI radical anion and also forms the NDI^2−^ dianion upon further reduction. In this context, the first NDI radical ion was stabilized and isolated by integrating two phosphonium groups at the NDI‐core, which forms two P−O through space donor‐acceptor type non‐covalent interactions.[66b](#open201900339-bib-0066b){ref-type="ref"}

![Stabilization of NDI radical anion within the cyclophane (a), redox‐switchable bistable catenane (b).](OPEN-9-304-g026){#open201900339-fig-5014}

In an innovative development, Stoddart and co‐workers reported the encapsulation of the mechanically interlocked bistable molecule (**SM6**) inside the robust zirconium‐based metal‐organic framework (MOF), NU‐1000, by using the post‐synthetic modification (Scheme [14](#open201900339-fig-5014){ref-type="fig"}).[67](#open201900339-bib-0067){ref-type="ref"} They found that two **SM6** units can be integrated in one repeating unit of hexagonal channels of MOF NU‐1000. The electrochemical and optical analysis demonstrated that **SM6** retains its reversible redox‐switching behaviour even inside the nanopores of the MOF.

Sessler and co‐workers reported an novel multiredox system with switchable properties. They reported the synthesis of the multiredox active host‐guest complex of tetrathiafulvalene calix\[4\]pyrrole **SM7** donor and the bisimidazolium quinone **SM8** as an acceptor (Figure [3](#open201900339-fig-0003){ref-type="fig"}).[68](#open201900339-bib-0068){ref-type="ref"} It was demonstrated that some specific anion such as methylsulfate, chloride and bromide to have strong binding with donor unit **SM7**. This results in a significant change in the host conformation, which facilitates the electron transfer from **SM7** to **SM8** for the formation of **SM10** and **SM11** through a proposed intermediate **SM9**. The electron transfer reaction could be made reversible by addition of tetraethylammoniumchloride (TEACl).

![Chemical structures of **SM7**, **SM8** and their ion mediated electron transfer reaction.](OPEN-9-304-g006){#open201900339-fig-0003}

3. Application of Multiredox Materials {#open201900339-sec-0009}
======================================

3.1. Photochemical Accumulation in Artificial Photosynthesis {#open201900339-sec-0010}
------------------------------------------------------------

Photosynthesis is one of the well‐known multielectron redox‐based biological processes, which converts sunlight into chemical energy by utilizing water and CO~2~. In green plants, light dependent reactions proceed in chloroplasts (thylakoid membranes).[5](#open201900339-bib-0005){ref-type="ref"} This process has two complementary reaction centres photosystem‐I (PS‐I) and photosystem‐II (PS‐II) (Figure [4](#open201900339-fig-0004){ref-type="fig"}), which utilize electron transport chain to produce NADPH as a main reducing agent which works as a source of energetic electrons for other cellular reactions. For this process, water works as an electron source; two water molecules split into diatomic oxygen, four proton and four electrons, the produced electrons transferred to oxidized PS‐II centres of the chloroplast. The overall equation of the light‐dependent reaction of photosynthesis is as follows: $$\left. 2\mspace{720mu} H{}_{2}O + 2\mspace{720mu}{NADP}{}^{+} + 3\mspace{720mu}{ADP} + {3P}{}_{i} + {light}\rightarrow \right.{{2{NADPH}} + 2\mspace{720mu} H{}^{+} + 3\mspace{720mu}{ATP} + O{}_{2}}$$

![Schematic diagram of multi‐electron transfer based light dependent photosynthesis reactions (Z‐scheme).](OPEN-9-304-g007){#open201900339-fig-0004}

Molecular dyes and semiconducting materials have been utilized in photovoltaic cells for a long time. Scientists are trying to develop artificial systems for light harvesting application in advanced solar fuel production. Direct conversion of solar energy into fuel energy can satisfy our future large‐scale energy demands. Solar fuels can be produced, by absorption of light and direct conversion of its energy to chemical energy by electron transfer processes.[69](#open201900339-bib-0069){ref-type="ref"} When a single photon is absorbed, it directs the separation of a single electron‐hole pair. These electrons can be utilized in the catalytic reduction of water like cheap low energy content substrate into high energy fuel. The holes are filled by electrons generated by water oxidation.[70](#open201900339-bib-0070){ref-type="ref"} Basically, fuel production and water oxidation processes are multi‐electron and multi‐proton in nature. Therefore, after absorption of several photons, a system must be able to accumulate multiple holes and electrons to complete the catalytic reaction, before the charge recombination occurs. These catalytic reactions require multiple redox equivalents and their coupling to proton transfer reactions.[71](#open201900339-bib-0071){ref-type="ref"} For the light harvesting and charge separation; scientists are trying to develop new multiredox active systems, which are better optimized than those used in the earlier devices for solar fuel production. In addition, there is significant progress in the design and discovery of hetero and homogeneous catalysts for water oxidation and solar fuel production.[72](#open201900339-bib-0072){ref-type="ref"}

Hammarström in his account represented schematically catalytic solar fuel production.[73](#open201900339-bib-0073){ref-type="ref"} As shown in Figure [5](#open201900339-fig-0005){ref-type="fig"}, an antenna (Ant) molecule absorbs a photon and transfers its excitation energy to photosensitizer (P). This photosensitizer transfers a hole and an electron to the donor (D) and acceptor (A) unit, respectively. The separated electrons and holes are accumulated on catalysts (CAT). On one catalyst, the redox equivalents are used to split the water molecule into dioxygen molecule. While on the other catalyst substrate, like protons or carbon dioxide are reduced into fuel, which could be hydrogen, an alcohol or carbon containing materials. The two‐compartment system is required to avoid the interaction of generated fuel such as H~2~, CO and methane with oxygen molecules. In conclusion, to assemble a completely photocatalytic system, we require precisely designed molecular systems having controlled electronic properties and interactions.

![(a) Schematic diagram of a molecular system for conversion of solar energy into fuel by light‐induced charge separation coupled with water oxidation and catalytic fuel production. (b) Schematic representation of two‐compartment system connected by charge transport material as loose redox‐pool. Reprinted with permission from 73. Copyright 2015 American Chemical Society.](OPEN-9-304-g008){#open201900339-fig-0005}

3.2. In Water Splitting Reaction {#open201900339-sec-0011}
--------------------------------

Natural energy sources are coming into use as sustainable, clean and renewable energy sources, but because of their unstable output and the difficulty in large‐scale electricity storage, these sources are incapable of meeting the high energy demands. In green plants, photosynthesis process converts the solar energy into chemical energy and stores it in the form of carbohydrates. In a similar way, if the natural energy can be converted into chemical bonding energy, then it can be a promising approach to enable the facile energy storage and transportation.[74](#open201900339-bib-0074){ref-type="ref"} As we know hydrogen gas is one of the well‐known energy storage systems because of its high energy density and clean combustion. Therefore, water splitting into H~2~ and O~2~ by photochemical or electrochemical processes is growing great attention. The two half reactions of water splitting are as follows:$$\left. {2H}{}^{+} + {2e}{}^{-}\rightarrow H{}_{2}\mspace{720mu}\left( E{}^{\circ} = 0.00\, V\mspace{720mu}{vs}\mspace{720mu}{SHE}\mspace{720mu}{at}\mspace{720mu}{pH}\, 0 \right) \right.$$ $$\left. {2H}{}_{2}O\rightarrow O{}_{2} + {4H}{}^{+} + {4e}{}^{-}\mspace{720mu}\left( E{}^{\circ} = 1.23\, V\mspace{720mu}{vs}\mspace{720mu}{SHE}\mspace{720mu}{at}\mspace{720mu}{pH}\, 0 \right) \right.$$

The major difficulty associated with electrochemical water splitting process is anodic oxidation reaction (eq. 3), in which two water molecules combine to give O−O bond and release four electrons and four protons. Therefore, for processing of these four successive one electron oxidation steps, the rational design and synthesis of molecular catalysts is essential to achieve water oxidation reaction near the thermodynamic limits (E=1.23 V).[75](#open201900339-bib-0075){ref-type="ref"} In photosystem‐II, this difficult reaction proceeds by a molecular catalyst working as an oxygen evolving complex (OEC), which is a tiny metal oxide (Mn~4~CaO~5~) composed of four manganese ions, one calcium ion and five oxygen atoms. This complex can adopt five successive oxidation states by the redox reaction of the Mn ions. This natural OEC system has inspired synthetic chemists to mimic catalytic system for artificial photosynthesis. In last three decades, many multinuclear transition metals, such as ruthenium (Ru) and manganese (Mn) based molecular catalyst have been synthesized for water splitting application.

Meyer et, al., reported polypyridyl dinuclear ruthenium complex (**1**), as one of the first homogeneous oxygen evolving molecular catalyst in 1982 called as '*blue‐dimer*'.[76](#open201900339-bib-0076){ref-type="ref"} In the presence of an excess amount of oxidants such as Co^III^ and (NH~4~)~2~\[Ce^IV^(NO~3~)~6~\] (CAN) the '*blue‐dimer*' evolves oxygen gas in 87 % yield with 13.2 turnover number (TON).[77](#open201900339-bib-0077){ref-type="ref"} Following this discovery, Naruta and co‐workers reported the first example of a Mn‐based homogeneous molecular catalyst (**2**, Scheme [15](#open201900339-fig-5015){ref-type="fig"}) in 1994.[78](#open201900339-bib-0078){ref-type="ref"} Electrolysis of Mn porphyrin dimer shows the potential window of +1.2 to +2.0 V (vs. Ag/Ag^+^) which results in the O~2~ gas evolution with 5--17 % current efficiency and 9.2 TON. Sun and co‐workers have reported extremely active oxygen evolving Ru complex (**3**), in 2012.[79](#open201900339-bib-0079){ref-type="ref"} In the presence of CAN; complex **3** evolved O~2~ with as high as 55400 TON. After applying it as an electrochemical catalyst, they also functionalized these Ru‐based catalysts for photocatalytic water splitting by depositing the material onto a TiO~2~‐modified fluorine‐doped tin oxide (FTO) electrode in which the \[Ru(bipy)~3~\] derivatives function as the photosensitizer with approximately 500 TON with an external bias of (0.2 V).[80](#open201900339-bib-0080){ref-type="ref"}

![Molecular structures of reported water‐splitting catalyst (**1**‐**3**).](OPEN-9-304-g027){#open201900339-fig-5015}

3.3. In Advanced Power Storage Systems {#open201900339-sec-0012}
--------------------------------------

To power today's world, electrochemical batteries are proven as efficient and simple power storage systems. However, most of these existing power storage systems utilize heavy metal oxides with single or less than one‐ electron redox properties.[81](#open201900339-bib-0081){ref-type="ref"} Therefore, these systems are not sufficient to accomplish the increasing demand for future portable electronics. Consequently, to greatly enhance the power capability and energy storage density of batteries, there is an urgent need for a realistic breakthrough in battery technology. In recent years, some newly designed battery materials have been demonstrated, utilizing the concept of light molecular weight and multiredox active electrode material.[82](#open201900339-bib-0082){ref-type="ref"}

The specific energy density (ED) of a battery system can be calculated from the following equation:$$ED = \frac{nFE{}^{\circ}}{\sum Mi}$$

The unit of ED can be expressed either in the term of per unit of volume (Wh L^−1^) or per unit of weight (Wh kg^−1^). Here, n represents the number of electrons transferred per mole of reactants, F stands for the Faraday constant. E° refers the electromotive force (emf) of the cell reaction. ∑Mi the sum of the molecular weight of active material being transformed in the cell reaction called as redox drivers. Therefore, in order to construct advanced batteries systems with high energy density, the electrode of batteries must have these properties: (a) there should be a large potential difference between the anode and cathode active material to produce higher voltage, (b) multiple electrons transferred per molecule and (c) the lighter molecular weight of the active materials.

Hence, for the construction of high energy density batteries, the electroactive materials should be chosen with light molecular weight. From the above equation, we can say that the utilization of multiredox active materials may work as the most effective tool to build up the high energy density power storage systems. Additionally, organic electroactive materials are becoming more desirable, due to their, structural diversity, resource sustainability, electrochemical performance, flexibility and eco‐friendly behaviour.[83](#open201900339-bib-0083){ref-type="ref"} Particularly, molecules containing carbonyl groups have attracted great attention due to their multiredox active nature and the abundance of natural products. The molecules containing carboxylates, quinones, anhydride and imides have been successfully utilized in rechargeable lithium batteries.[84](#open201900339-bib-0084){ref-type="ref"}

Recently, Yao et al. investigated 2,5‐dimethoxy‐1,4‐benzoquinone (DMBQ) as a positive electrode active material for rechargeable lithium batteries.[85](#open201900339-bib-0085){ref-type="ref"} This positive electrode showed stepwise two‐electron redox property and the initial discharge capacity of this battery reported as 312 m Ahg^−1^ with an average voltage of 2.6 V vs Li+/Li and fair cyclic behaviour (Figure [6](#open201900339-fig-0006){ref-type="fig"}). Because of the two‐electron redox behaviour the discharge capacity of this battery is more than two times than that of the conventional lithium cobalt oxide (LiCoO~2~) electrode material.

![Representation of two electrons redox behaviour of dimethoxy‐benzoquinone.](OPEN-9-304-g009){#open201900339-fig-0006}

3.4. In Dynamics Random Access Memory {#open201900339-sec-0013}
-------------------------------------

Dynamics random access memory (DRAM) works as the central memory element in various devices, such as laptop, computer and standard desktop. The high memory density of DRAM, because of its small size, gives it more advancement over the other memory technologies like static random‐access memory. The small size DRAM is due to its basic cell, which consist of one capacitor and a transistor.[86](#open201900339-bib-0086){ref-type="ref"}, [87](#open201900339-bib-0087){ref-type="ref"}

For having high memory density, the capacitor needs to store at multibit level. For featuring a system in DRAM, it should have at least three distinct cationic redox states.[88](#open201900339-bib-0088){ref-type="ref"} For getting the multiredox states at distinct potential, there are two types of approaches generally applied. One is the use of the mixture of redox active molecules, while the second approach incorporates the utilization of multiredox active single molecule. For the construction of hybrid semiconductor/molecular DRAM, the basic approach is the use of redox‐active molecule which is covalently bonded to an electroactive surface. The information is stored in the distinct redox state of the molecule. The composition of charge storage molecule decides the charge density, voltage, stability and size. On the other hand, the composition of surface attaching group defines the charge storage rate and charge retention time.

A molecular system should possess the following properties to be applied in DRAM system: (1) The various redox states of the molecule should be stable under ambient condition, which is important for the real‐world application. (2) For affording multibit information with low power consumption, the molecules should exhibit multiple redox states at relatively low potential. (3) They should be able to store charge for minutes in the absence of applied potential; this will further diminish the power consumption and appreciably attenuate the refresh rate needed in a memory device.

Lindsey group reported a porphyrin‐based charge‐storage memory system. They have chosen porphyrin molecule because on its specific, robust electronic properties, which provides the basis for writing and reading the memory cell. Figure [7](#open201900339-fig-0007){ref-type="fig"} shows the read/write strategy for the porphyrin‐based memory system. As shown in Figure [7](#open201900339-fig-0007){ref-type="fig"}b, monomeric Zn porphyrin exhibits two distinct cationic states. The oxidation of the neutral molecules to mono‐cationic radical ion constitutes writing of a bit of information. Subsequently, the reduction of mono‐cation to neutral state constitutes reading out the information.

![(a) Representation of porphyrin‐based memory element, (b) redox‐based read and write process. P represents porphyrin.](OPEN-9-304-g010){#open201900339-fig-0007}

3.5. As Catalyst in Multi‐electron Transfer Reactions {#open201900339-sec-0014}
-----------------------------------------------------

Transition‐metal complexes are critical components to mediate multi‐electron transformations of various small molecules. Such as the reduction of the proton to H~2~ and oxidation of C−H bonds are both two‐electron transformations.[89](#open201900339-bib-0089){ref-type="ref"}, [90](#open201900339-bib-0090){ref-type="ref"} Water oxidation is a four‐electron reaction[91](#open201900339-bib-0091){ref-type="ref"} while the reduction of nitrogen to transform into ammonia is a six‐electron process.[92](#open201900339-bib-0092){ref-type="ref"} The design of catalytic material for these transformations requires the utilization of one or two metal atom with a variable valency. Incorporation of multiredox active ligands in the metal coordination sphere can work as an alternative route for supplying the oxidizing and reducing equivalents.^93^ For example, Zarkesh et al., have proposed a new strategy for the design of metal complex based catalytic material for the multi‐electron redox reaction. They have reported the use of tridentate redox‐active ligand \[ONO^red^\]^3−^ coordinated with tantalum (**5**, Figure [8](#open201900339-fig-0008){ref-type="fig"}) as a catalytic material for four electron transformation of aryl diazenes.[94](#open201900339-bib-0094){ref-type="ref"} This bridging imido dimer gives aryl diazene in equimolar ratio and requires the use of two equivalent of PhICl~2~. The important aspect of this catalysis reaction is the role of redox active ligand \[ONO^red^\]^3−^, as this ligand can be oxidized to the dianionic semi‐quinonate ligand, or trianionic quinonate ligand. The oxidation states of this ligand could store single‐electron oxidizing equivalents earlier to the elimination of aryl diazene.

![(a) Metal complex **5** as a catalytic material with tridentate redox active ligand, (b) various redox states of the ligand of complex **5**, (c) catalyst (**6**) consist of Zr° metal and active redox ligand, and (d) redox reaction of the ligand of complex **6**.](OPEN-9-304-g011){#open201900339-fig-0008}

In another example of multi‐electron transfer reaction, conversionof hydrazines into azo molecules proceeds by the two‐electron transfer process. This reaction is important, as azo compounds are useful in materials and electronic applications. To catalyze this reaction metal complex with two‐electron valance states is required. Blackmore et al., have reported a new type of catalyst **\[N~2~O~2~** ^**red**^ **\]Zr\[THF\]~3~** having Zr° with multiredox active ligand **\[N~2~O~2~** ^**red**^ **\]^4−^** (**6**, Figure [8](#open201900339-fig-0008){ref-type="fig"}), for the disproportionation reaction of diphenylhydrazine to azobenzene and aniline.[95](#open201900339-bib-0095){ref-type="ref"} This catalytic reaction proceeds by change in the redox state of the multiredox active ligand rather than the metal centre. $$\left. {2{PhHN}} - {NHPh}\rightarrow{PhN} = {NPh} + {2{NH}}{}_{2}{Ph} \right.$$

They were also able to implicate the intermediate state with two electrons oxidized ligand \[N~2~O~2~ox\]~2~−Zr‐imido. The electronic properties of the metal centre coupled with the redox properties of ligand enable to catalyze the electron transfer reaction.

3.6. In Electrochemical Biological Sensor {#open201900339-sec-0015}
-----------------------------------------

Clinical diagnosis needs the advanced biosensor technologies for highly sensitive and specific detection of biomolecules and their interaction. The most common analytical technologies used for biomolecule detection is calorimetry, fluorescence spectroscopy, surface‐plasmon‐resonance and quartz crystal microbalance. Generally, these techniques need the use of the fluorophore, bio‐label for getting the measurable signal.[96](#open201900339-bib-0096){ref-type="ref"} The development of electrochemical method as the biosensor is receiving great attention because of their low cost, high sensitivity and can work even in turbid media. In the electrochemical method, the signal intensity can be enhanced by increasing the surface area of the electrode, and by utilization of the multiredox active signaling probe.[97](#open201900339-bib-0097){ref-type="ref"}, [98](#open201900339-bib-0098){ref-type="ref"}

Based on these ideas Li et al., have reported an electrochemical DNA sensing method, applying capture probe‐target‐signaling probe (CP−T−SP).[99](#open201900339-bib-0099){ref-type="ref"} Applying the multiredox active signaling probe dramatically improved the sensitivity by increasing the detection limit of the current signal. The sensor can detect target DNA at an extremely low concentration of 2 fm with good mismatch discrimination ability. These DNA sensors have the capability to work in real complex matrixes, such as whole blood and serum.

In another example, mannose‐ferrocene conjugates based electrochemical probe have been developed for the detection of lectin Concanavalin A (Con A) protein.[100](#open201900339-bib-0100){ref-type="ref"} Most of the important biological processes such as bacterial and viral infection, inflammatory and immune response, cell‐cell adhesion, fertilization and cancer metastasis are governed by the carbohydrates and protein interactions. To improve the recognition ability of carbohydrate‐lectin interaction, Berenguel and co‐workers designed the signaling probe with multivalent dendritic glycoside labeled with redox‐active ferrocene moieties (Figure [9](#open201900339-fig-0009){ref-type="fig"}). They reported electroactive poly(amido amine) based glycodendrimer of G0 to G2 generation having mannopyranosyl‐ferrocenyl moieties at the periphery. These multiredox active dendrimers showed an enhanced affinity for Con A as compared to mono and divalent analogues due to the multivalent effect. This behaviour is attributed to the effect of multielectron exchange due to the presence of dendritic ferrocene and multivalent binding interaction of glycoside.

![Chemical structure of mannose‐ferrocene conjugates based electrochemical probe (a), and schematic representation of carbohydrates and protein interactions (b). Reprinted with permission from Ref. 100. Copyright 2013 American Chemical Society.](OPEN-9-304-g012){#open201900339-fig-0009}

4. Conclusion {#open201900339-sec-0016}
=============

Through this review, we have highlighted the diverse molecular design that has led to the realization of different multiredox molecules and supramolecular systems. The multiredox systems reviewed here can perform at least four‐electron transfer processes. Firstly, we have classified the molecular multiredox systems into organic and organic‐inorganic hybrid systems. The organic multiredox systems are further classified into multielectron acceptors, multielectron donors and ambipolar molecules. Further, we have reviewed supramolecular multiredox systems, redox‐active host‐guest recognition, including mechanically interlocked systems. Finally, the review provides a discussion on the diverse applications, e. g. in artificial photosynthesis, water splitting, dynamic random‐access memory, etc. that can be realized from these artificial multiredox systems. As can be appreciated, artificial multiredox systems have the potential to provide solution to the present energy needs. These can as well offer deeper understanding of the various multielectron‐based processes in biological systems. Also, important are the multifaceted organic radicals and radical ions that are the usual by‐products of multielectron‐based processes.[101](#open201900339-bib-0101){ref-type="ref"}
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